Dmrt1 (doublesex and mab-3 related transcription factor 1) is a conserved transcriptional regulator of male differentiation required for testicular development in vertebrates. Here, we show that in mice of the 129Sv strain, loss of Dmrt1 causes a high incidence of teratomas, whereas these tumors do not form in Dmrt1 mutant C57BL/6J mice. Conditional gene targeting indicates that Dmrt1 is required in fetal germ cells but not in Sertoli cells to prevent teratoma formation. Mutant 129Sv germ cells undergo apparently normal differentiation up to embryonic day 13.5 (E13.5), but some cells fail to arrest mitosis and ectopically express pluripotency markers. Expression analysis and chromatin immunoprecipitation identified DMRT1 target genes, whose missexpression may underlie teratoma formation. DMRT1 indirectly activates the GDNF coreceptor Ret, and it directly represses the pluripotency regulator Sox2. Analysis of human germ cell tumors reveals similar gene expression changes correlated to DMRT1 levels. Dmrt1 behaves genetically as a dose-sensitive tumor suppressor gene in 129Sv mice, and natural variation in Dmrt1 activity can confer teratoma susceptibility. This work reveals a genetic link between testicular dysgenesis, pluripotency regulation, and teratoma susceptibility that is highly sensitive to genetic background and to gene dosage.
Dmrt1 (doublesex and mab-3 related transcription factor 1) is a conserved transcriptional regulator of male differentiation required for testicular development in vertebrates. Here, we show that in mice of the 129Sv strain, loss of Dmrt1 causes a high incidence of teratomas, whereas these tumors do not form in Dmrt1 mutant C57BL/6J mice. Conditional gene targeting indicates that Dmrt1 is required in fetal germ cells but not in Sertoli cells to prevent teratoma formation. Mutant 129Sv germ cells undergo apparently normal differentiation up to embryonic day 13.5 (E13.5), but some cells fail to arrest mitosis and ectopically express pluripotency markers. Expression analysis and chromatin immunoprecipitation identified DMRT1 target genes, whose missexpression may underlie teratoma formation. DMRT1 indirectly activates the GDNF coreceptor Ret, and it directly represses the pluripotency regulator Sox2. Analysis of human germ cell tumors reveals similar gene expression changes correlated to DMRT1 levels. Dmrt1 behaves genetically as a dose-sensitive tumor suppressor gene in 129Sv mice, and natural variation in Dmrt1 activity can confer teratoma susceptibility. This work reveals a genetic link between testicular dysgenesis, pluripotency regulation, and teratoma susceptibility that is highly sensitive to genetic background and to gene dosage.
GDNF ͉ testicular teratoma ͉ germ cell tumor ͉ embryonal carcinoma G erm cells are unique in at least two respects. First, as the agents of genetic transmission they are the only intergenerational cell lineage. Second, although committed to form only one cell type, sperm or oocyte, they retain a latent pluripotency. Transplantation of early embryonic gonads into adult hosts can induce this pluripotency, resulting in teratomas containing complex mixtures of somatic cell types (1) . Similarly, pluripotent stem cells can be derived from embryonic and postnatal germ cells of the testis, including presumptive spermatogonial stem cells (SSCs) (2) (3) (4) . These cultured germ cells resemble embryonic stem (ES) cells, and like ES cells they are pluripotent when injected into mouse blastocysts (5, 6) . Paracrine signaling is important to maintain germ line stem cells in vitro and in vivo. Extrinsic factors that support germ line stem cells in culture include LIF, bFGF, SCF, EGF, and GDNF (2, 4) . Signals from Sertoli cells, including GDNF, also are required in vivo for SSC maintenance and proliferation (7) .
Human disorders of germ cell development are common and can arise either from primary defects in gametogenesis or secondary to somatic gonadal dysgenesis (8, 9) . Germ cell cancers also are common; indeed testicular germ cell tumors (TGCTs) are the most frequent cancer of young men (10) . TGCTs can be grouped into distinct classes, based on time of incidence, histopathology, and presumptive cell type of origin (10) . Type I tumors occur in neonates and infants and arise from fetal germ cells. Type II tumors also are thought to arise from fetal germ cells but occur mainly in young men. Type I and II TGCTs both can differentiate into diverse somatic cell types, suggesting a failure to control pluripotency may play a role in their formation (10) . The rare type III tumors, or spermatocytic seminomas, occur in men older than 50, have distinct pathogenesis, and are thought to arise from postnatal spermatogonia or early spermatocytes (11) .
Human TGCTs have a strong genetic component, and family history and ethnicity are significant risk factors (12) . Despite this, linkage studies have failed to reveal strong associations in human TGCTs, suggesting that multiple genetic modifiers contribute to TGCT susceptibility (12, 13) . In epidemiological studies, TGCTs are strongly associated with other gonadal abnormalities, and it has been proposed that these disorders share a common etiology as part of a ''testicular dysgenesis syndrome'' (14, 15) .
Spontaneous teratomas do not occur in most inbred mouse strains, but in the 1950s, Stevens established a mouse substrain, 129Sv, in which spontaneous testicular teratomas arise at an incidence of 1% (16) . Stevens also identified a spontaneous mutation, Ter (an allele of Dnd1), which causes further elevated teratoma incidence, but only on the 129Sv background (17) (18) (19) . Backcross mapping between 129Sv and other inbred strains and analysis of chromosome substitutions indicated that teratoma susceptibility is multigenic and localized several genetic modifiers to chromosome 19 (20, 21) .
Here, we examine the phenotype of Dmrt1 (doublesex and mab-3 related transcription factor 1) mutations on the 129Sv genetic background. Dmrt1 is a member of a widely conserved group of sexual regulators that share the DM domain DNA binding motif (22, 23) and is required for testis differentiation in vertebrates (24, 25) . In mice, Dmrt1 is expressed only in the gonad and is essential for postnatal differentiation of germ cells and Sertoli cells (26) . Human XY individuals missing one copy of the region containing DMRT1 have testicular dysgenesis closely resembling that of Dmrt1 mutant mice and in some cases are feminized (27, 28) . Amplification of DMRT1 occurs in human type III TGCTs (29) , but no involvement of DMRT1 has been reported in type I or II tumors. We find that loss of Dmrt1 in 129Sv mice results in a high incidence of teratomas and that Dmrt1 acts as a dose-sensitive tumor suppressor gene that directly controls transcription of the pluripotency regulator Sox2 in germ cells.
Results

Loss of Dmrt1 Causes Teratoma Formation in Mice of the 129Sv Strain.
Previous analysis of Dmrt1 mutants used a mixed genetic background (26, 30) . To ask whether the phenotype is sensitive to genetic background, we compared testes from Dmrt1 Ϫ/Ϫ animals bred onto the C57BL6/J (''B6'') and 129SvEv/S6 (''129Sv'') backgrounds. B6 Dmrt1 Ϫ/Ϫ animals had postnatal testicular dysgenesis ( Fig. 1 A and B) closely resembling that described in ref. 26 . In contrast, 129Sv Dmrt1 Ϫ/Ϫ animals developed teratomas at a high incidence ( Fig. 1 C-F) . Clusters of embryonal carcinoma (EC) cells were present at birth ( Fig. 1E ; three to eight clusters per gonad; n ϭ 3), and these differentiated into large mature teratomas within 3 weeks after birth (Fig. 1F) . These tumors represent a transformation of germ line to somatic cell fates. Although Dmrt1 is expressed in the female genital ridge before sexual differentiation, we did not observe ovarian tumors in Dmrt1 mutant females (n ϭ 50 ovaries). Except where indicated, the data described below are all from mice of the 129Sv background.
Dmrt1 Is Required in Germ Cells to Prevent Teratoma Formation. Dmrt1 is required in both Sertoli and germ cells for postnatal germ cell development (30) , so the teratomas in Dmrt1 Ϫ/Ϫ testes could result from lack of Dmrt1 in germ cells or in the surrounding Sertoli cells or in both. To define where Dmrt1 is required, we used conditional gene targeting (Table 1) . Dmrt1 flox/Ϫ controls had elevated teratoma incidence (see below), and deletion of Dmrt1 in embryonic Sertoli cells with Dhh-Cre (31) or Sf1-Cre (32) in Dmrt1 flox/Ϫ mice caused no further increase. By contrast, deletion of Dmrt1 in migratory PGCs with TNP-Cre (33) did increase the incidence of teratomas. The incidence was lower than in Dmrt1 Ϫ/Ϫ animals, possibly due to the relatively low efficiency of Dmrt1 deletion by TNAP-Cre (30) . We conclude that loss of Dmrt1 in germ cells is sufficient to cause teratoma formation, whereas loss of Dmrt1 in Sertoli cells is not. It remains possible that loss of Dmrt1 in both cell types causes a higher tumor incidence than loss only in germ cells.
Normal Early Development of Dmrt1 Mutant Germ Cells. Teratomas in Dmrt1 mutant mice could result from a general failure in some aspect of germ cell development or from more specific defects. Because DM domain genes in other species are involved in sex determination, we first asked whether mutant germ cells might be feminized, leading to embryonic rather than postnatal meiotic initiation. We examined expression of STRA8, a regulator of meiotic initiation expressed in premeiotic germ cells (34, 35) , but observed no ectopic expression at embryonic day 16.5 (E16.5; n ϭ 4). Likewise, the synaptonemal complex component SYCP3 was not expressed at E16.5 or at birth (n ϭ 3). We conclude that fetal germ cells are unlikely to be feminized.
To ask whether other aspects of early germ cell differentiation are normal, we examined expression of several developmental markers and parental DNA imprint erasure (Figs. S1 and S2). Expression of MVH and GM114 at E13.5 was normal, and translocation of BLIMP1 to the cytoplasm at E13.5 occurred normally (Fig. S1 ). Erasure of parental imprinting occurred at the H19 (paternally imprinted) (36) and Lit1 (maternally imprinted) (37) loci by E13.5. Similarly the Xist locus underwent normal demethylation by E13.5 ( Fig. S2) (38) . In addition, we used microarraybased comparative genome hybridization to ask whether loss of Dmrt1 causes aneuploidy, but observed no copy number abnormalities in two tumors. From these results, we conclude that Dmrt1 mutant germ cells do not have a developmental block or major aneuploidies during embryonic development. Mutations in Dnd1 and Pten cause teratomas in mice (39, 40) , so we asked whether Dmrt1 might act in the same pathway as either gene. Dnd1 mutants have a severe loss of germ cells before E11.5 (39), whereas Dmrt1 mutants do not (26) . Thus, Dmrt1 is unlikely to regulate Dnd1, but DND1 might promote DMRT1 expression. Germ cell death in Dnd1 mutants can be suppressed by mutation of the proapoptotic gene Bax (41) . We found no difference in DMRT1 expression in germ cells of Dnd1 Ter/Ter ;Bax Ϫ/Ϫ versus Dnd1 ϩ/Ter ;Bax ϩ/Ϫ controls at E14.5 ( Fig. S3 ). We also found that the DND1 target P27 Kip1 is expressed normally in Dmrt1 mutant germ cells at E16.5 ( Fig. S3) . We conclude from these results that Dmrt1 is likely to act independently of Dnd1.
Because Pten mutants develop teratomas on non-129Sv genetic backgrounds and Dmrt1 mutants do not, reduced Dmrt1 activity Dmrt1 flox/Ϫ is used as the control in all experiments. Removal of Dmrt1 in Sertoli cells using either Dhh-Cre or SF1-Cre does not increase the incidence of teratomas (P ϭ 0.87 and P ϭ 0.69, respectively). However, removal of Dmrt1 in germ cells using TNAP-Cre causes an elevated incidence of teratomas (P ϭ 0.03). n ϭ number of testes examined.
cannot be the primary cause of teratomas in Pten mutants. We therefore asked whether Dmrt1 regulates the Pten pathway. Loss of PTEN in germ cells leads to elevated levels of AKT P-308 (40) . However, PTEN levels were normal in mutant germ cells at E13.5 and E15.5, and PTEN and AKT P-308 levels were normal in EC cell clusters at P0 (Fig. S3 ). These results indicate that Dmrt1 acts either independently or downstream of the PTEN pathway.
Reduced Ret Expression at E13.5. Tissue transplantation suggested that teratomas in 129Sv initiate between about E11 and E12.5 (1), coincident with the time of pluripotency restriction in cultured germ cells (42) . We reasoned therefore that mRNA expression defects underlying the teratoma initiation might be apparent in Dmrt1 mutant testes at E13.5. Expression profiling of E13.5 testes identified 11 transcripts with Ͼ2-fold reduced expression and eight with Ͼ2-fold elevated expression in Dmrt1 mutants ( Fig. 2A ). Of these, the only one previously known to affect germ cell development is the GDNF receptor Ret (43) , which also is regulated by Dmrt1 postnatally (44) . Ret mRNA was reduced 8-fold (Fig. 2B) , and RET protein was severely reduced based on immunofluorescence in mutant germ cells ( Fig. 2 C-H) . We conclude that GDNF signaling may be compromised in Dmrt1 mutant germ cells by reduced RET expression.
DMRT1 Controls Germ Cell Mitotic Proliferation.
In neonates, Dmrt1 mutant germ cells form EC cell clusters with visible mitotic figures ( Fig. 1E ) and later form large tumors. It is likely, therefore, that Dmrt1 controls genes that regulate the cell cycle. To test whether Dmrt1 mutant germ cells escape the normal embryonic mitotic arrest, we used the active cell cycle marker Ki67 (45) . Normally male germ cells are almost entirely arrested by E13.5, but 10-fold elevated numbers of mutant germ cells that escaped G0 arrest were present at E16.5 (Fig. 3 A-G) .
We investigated the cell cycle defect by assaying the expression and binding by DMRT1 to the promoters of three cell cycle inhibitors known to be expressed in the embryonic testis. We found that mRNA expression of P18 INK4c (Cdkn2c) and P19
INK4d
(Cdkn2d) decreased at E15.5 in Dmrt1 mutant testes, consistent with a possible role in the proliferation defect (Fig. S4A) . Expression of P15 INK4b (Cdkn2b) increased in the mutant, suggesting it is not a factor in the excess proliferation. In the E13.5 testis, we found that DMRT1 binds the promoter of P19 INK4d , suggesting that DMRT1 could directly affect mitotic proliferation (Fig. S4B) . Loss of P18 INK4c has been implicated in formation of invasive seminomas and EC cells in humans (46) , suggesting a possible mechanistic link between mouse and human tumors.
DMRT1 Controls Expression of Pluripotency Regulators.
The inappropriate formation of EC cells and multiple somatic cell types ( Fig. 1  E and F) by Dmrt1 mutant germ cells suggests a possible defect in restriction of pluripotency. In fetal germ cells, pluripotency markers normally are down-regulated by E15.5, but in 129Sv Dmrt1 mutant testes, we found that EC cell clusters expressing elevated levels of SOX2, NANOG, and OCT3/4 are present at birth (Fig. 4 A-F) . By contrast, B6 Dmrt1 mutant testes do not develop EC cell clusters. E-cadherin is also expressed in early germ cells and normally diminishes before birth, but at birth, elevated E-cadherin was present in mutant cells both within and surrounding the EC cell clusters (Fig. 4 D-F ). E-cadherin recently was shown to promote pluripotency and teratoma formation in FAB-derived mouse stem cell cultures (47) , suggesting that its elevated expression may contribute to pluripotency of Dmrt1 mutant germ cells. ChIP and qRT-PCR demonstrated that the Sox2 promoter is bound by DMRT1 at E13.5 and mRNA expression of Sox2, Nanog, Oct3/4, and E-cadherin was elevated in mutant testes at E15.5 ( Fig. 4 G and  H) . We conclude that DMRT1 controls expression of pluripotency regulators in the embryonic testis, in part via transcriptional repression.
To ask whether the misexpression of pluripotency regulators has functional consequences, we assayed the expression of 10 OCT3/4 early response genes defined in ES cells (48) . Seven out of the 10 direct targets of OCT3/4 are overexpressed in Dmrt1 Ϫ/Ϫ compared to wild-type, suggesting that an active pluripotency gene network is ectopically expressed (Fig. S5) .
We also examined expression of Eras (ES-expressing Ras), a gene shown to be important for teratoma formation in ES cells (49) . We found that Eras is expressed at similar levels in wild-type 129Sv and B6 testes and in B6 mutant testes at E15.5, but has 7-fold elevated expression in 129Sv mutant testes (Fig. S6) .
To ask whether DMRT1 may function similarly in human TGCTs, we examined expression of several genes in spermatocytic seminomas, seminomas, dysgerminomas, and EC cells. Spermatocytic seminomas have elevated expression of DMRT1 (29) . We found a clear correlation between the level of DMRT1 and expression of RET, E-CADHERIN (CDH1), NANOG, CDKN2C (P18 INK4C ) and CDKN2D (P19 INK4D ), similar to that seen in the mouse (Fig. S7 ).
Dmrt11 As a Teratoma Susceptibility Locus. We next investigated whether variation in Dmrt1 activity contributes to teratoma susceptibility. Mice with chromosome 19 from the MOLF strain replacing that of 129Sv (chromosome 19 substitution strain; ''CSS'') have greatly elevated teratoma incidence (20) . Analysis of consomic strains substituting smaller regions of MOLF chromosome 19 identified several susceptibility regions (50) . One strain, 129.MOLF-Chr19 L1 (congenic L1; ''L1''), substitutes a 7.6-Mb region containing the Dmrt1Dmrt3Dmrt2 gene cluster (51) .
We hypothesized that low expression or function of MOLF Dmrt1 might contribute to teratomas in consomic strains. We performed a complementation test, crossing 129Sv Dmrt1 ϩ/Ϫ mice to L1 congenic mice. The resulting progeny were a mix of Dmrt1 L1/129Ϫ and Dmrt1 L1/129ϩ (Fig. S8) . The Dmrt1 L1/129Ϫ animals had many more teratomas than the controls or Dmrt1 L1/L1 animals ( Table 2) . We conclude that Dmrt1 is likely to be one of the major teratoma susceptibility loci mapped to chromosome 19. Pten and Gfra1 map to critical regions of chromosome 19 outside the L1 interval, and Pten loss of function causes teratoma formation (40) . It will be important to test the role of Ret and Gfra1 in teratoma susceptibility.
The high incidence of teratomas in Dmrt1 L1/129Ϫ animals suggests that Dmrt1
L1 is haploinsufficient in a 129Sv genomic context. We examined expression of the MOLF Dmrt1 allele and, at E13.5, detected no significant difference in mRNA or protein levels between CSS animals and controls (51) . Sequencing the MOLF Dmrt1 coding region revealed one coding difference, an insertion of alanine at position 363 near the C terminus in the MOLF allele, and this may reduce DMRT1 function in germ cells.
Dmrt1 Acts as a Dose-Sensitive Tumor Suppressor in 129Sv Mice. Comparison of Dmrt1 alleles shows that Dmrt1 is highly dose-sensitive in preventing teratomas. Homozygous Dmrt1 null mutants have a teratoma incidence of 90% and this drops to 4% in heterozygotes. The Dmrt1 flox allele behaves as a hypomorph, and changing one allele has major effects: Dmrt1 flox/Ϫ animals have a 4-fold higher teratoma incidence than Dmrt1 flox/flox animals and a 10-fold higher incidence than Dmrt1 flox/ϩ animals (Fig. 5) . The MOLF region in L1 conferred a teratoma susceptibility intermediate between the 
Discussion
Loss of Dmrt1 results in testicular teratomas in mice. These tumors occur at a very high incidence in the 129Sv strain, but not in B6 mice, and reflect a requirement for Dmrt1 in fetal germ cells. Landmarks of early germ cell development are normal in Dmrt1 mutants, but expression analysis suggests that GDNF signaling, cell cycle control, and pluripotency regulation are disrupted. Analysis of L1 congenics suggests that variation in DMRT1 activity can cause teratoma susceptibility.
Although DMRT1 is expressed in the early ovary, mutant females did not develop tumors. Either DMRT1 does not function in females or the testicular environment is more permissive for germ cell tumor formation. This latter idea is supported by the observation that XX Dnd1 Ter/Ter germ cells form tumors in XX Sry transgenic testes but not in XX ovaries (41) .
Dmrt1 loss of function causes teratomas only in 129Sv mice. Dnd1 mutations also cause 129-specific teratomas, but increasing the number of surviving germ cells leads to tumors on mixed genetic backgrounds (41) . In contrast, teratoma susceptibility in Dmrt1 mutants seems unrelated to cell death, as germ cell numbers are normal and no abnormal apoptosis was observed (Fig. S1) . In Dmrt1 mutant germ cells, loss of repression of pluripotency genes is likely to contribute to transformation. In addition, genes like Eras, which are expressed at similar levels in 129Sv and B6 but respond differently to loss of Dmrt1 in the two strains, are likely to be critical in teratoma formation.
Dmrt1 mutant germ cells should be genetically uniform, but only a small fraction form EC cells. This may reflect a requirement for additional genetic or epigenetic lesions, or it may indicate that microenvironments in the embryonic testis are not uniform. To gain insight into potential 129Sv-specific modifiers of teratoma susceptibility, we performed a backcross with B6. We found no teratomas in 129Sv/B6 Dmrt1 Ϫ/Ϫ F1 animals (n ϭ 10), and teratomas were present in only 12% of Dmrt1 Ϫ/Ϫ N2 progeny from 129/B6 animals backcrossed to 129Sv (9/77). These results are consistent with multiple recessive modifiers, likely three or more.
It is unknown whether loss-of-function mutations in DMRT1 cause human TGCTs. Sequencing of 240 human TGCT samples (types I, II, and III) uncovered four nonconservative missense changes in conserved amino acids in type II tumors; all were absent from 180 control genomes and from existing SNP databases. This suggests that DMRT1 mutations are uncommon in TGCTs, but our analysis would not have detected deletions, noncoding changes, or epigenetic defects.
Teratoma formation in Dmrt1 mutants involves a failure of germ cells to repress pluripotency regulators. DMRT1 represses expression of three core regulators of pluripotency, Nanog, Sox2, Oct3/4, plus many of their downstream targets, and this inappropriate expression is correlated with the inappropriate differentiation of the mutant cells. In Dmrt1 mutants, pluripotency gene overexpression and EC cell clusters precede teratoma formation; a similar progression may underlie development of human type I TGCTs. Genome-wide ChIP studies should identify additional DMRT1 targets with potential roles in teratoma formation.
RET, along with GFR␣1, is a coreceptor for the TGF␤ family ligand GDNF (43) . GDNF signaling is essential for SSC maintenance and can support pluripotent germ cell cultures. Forced overexpression of GDNF in mouse spermatogonia causes tumors similar in some respects to human spermatocytic seminomas, in which premeiotic germ cells fail to differentiate and continue to proliferate (7, 52) . Human spermatocytic seminomas overexpress DMRT1 (29) , and we find that this is associated with overexpression of RET (Fig. S7) . Thus, loss of Dmrt1 and reduced Ret expression in fetal germ cells is associated with testicular teratomas, while elevated DMRT1 and GDNF signaling in postnatal germ cells is associated with spermatocytic seminomas. Our data suggest that reduced GDNF signaling, together with elevated expression of pluripotency regulators, permits execution of somatic differentiation programs and teratoma formation. Overactivation of the GDNF pathway postnatally may have the opposite effect, blocking differentiation of germ cells and leading to spermatocytic tumors.
Transplantation and cell culture indicate that germ cell pluripotency is suppressed between E13.5 and birth in the testis. At E13.5, male germ cells also become mitotically arrested, resuming proliferation at birth, and expression of pluripotency regulators is reduced between E15.5 and birth. We suggest that the late embryonic testis provides a permissive environment for cellular differentiation and that germ cells must therefore suppress pluripotency and mitosis as they transit this stage. In this model, Dmrt1 is an essential component of a mechanism that normally achieves this suppression. The teratoma formation of Dmrt1 mutants can be viewed as a heterochronic defect, in which germ cells with immature character are present in a more mature and permissive environment. Similar models have been proposed for human type II germ cell tumors in which carcinoma in situ (CIS) cells with embryonic character and expression of pluripotency markers are present in the postnatal testis (10).
The work described here identifies a number of genes whose inappropriate expression correlates with teratoma formation in the mouse. These genes also are expressed during human germ cell development, and our gene expression analysis in human TGCTs suggests mechanistic links between mouse and human germ cell tumorigenesis that will be important to explore further.
Materials and Methods
Mouse Breeding. Mixed background Dmrt1 flox/flox and Dmrt1 ϩ/Ϫ mice (26) were out-crossed to 129S6/SvEvTac (Taconic Labs) at least seven times unless otherwise noted. For experiments on the B6 background, Dmrt1 ϩ/Ϫ mice were out-crossed 10 times to C57BL/6J (Jackson Labs). Oct4⌬PE:GFP on a 129S1/SvImJ background and 129.MOLF-Chr19 L1 mice have been described in refs. 51 and 53. For conditional targeting of Dmrt1 in embryonic Sertoli cells, Dmrt1 Ϫ/Ϫ females carrying Dhh-Cre (31) or SF1-Cre (32) were crossed to 129Sv Dmr1 flox/flox males. For conditional targeting in fetal germ cells 129Sv Dmrt1 ϩ/Ϫ mice carrying TNAP-Cre (33) were crossed to 129Sv Dmrt1 flox/flox females. Cre transgenes were out-crossed at least 4 times to 129Sv before breeding with Dmrt1 mutants. Presence of a copulation plug in the morning was recorded as E0.5. For ChIP experiments, mixed background males hemizygous for an X-linked GFP (54) were crossed to B6 females. Genotyping of Dmrt1, Cre, and Oct4⌬PE:GFP was as described in refs. 30 and 53.
Immunofluorescence and Immunohistochemistry. Immunofluorescence was performed as described in ref. 41 , except secondary antibody was incubated for 4 h at RT and mounted with Permafluor (Lab Vision). The Mouse On Mouse kit (Vector Labs) was used for all primary antibodies (Table S1 ) raised in mouse per manufacturer's instructions. Immunohistochemistry was performed by using the ABC kit (Vector Labs). mRNA Expression Profiling. Gonad pairs were dissected from E13.5 embryos and placed in RNAlater (Qiagen), and RNA was prepared by using Allprep Micro kit (Qiagen). Total RNA (100 ng) was amplified and labeled using NuGen Ovation labeling kit and hybridized to Affymetrix 430 2.0 microarrays. Data analysis is described in SI Text.
L1/129Sv
qRT-PCR. Gonads were stored in RNAlater until RNA was prepared by using RNeasy Micro kit (Qiagen). RNA was reverse-transcribed by using SuperScript III Reverse Transcriptase. cDNA was amplified by using FastStart SYBR green (Roche). qRT-PCR primers are in Tables S2.
ChIP. Mixed background embryos were collected at E13.5 and sexed by X-linked GFP expression. Gonads from 83 males were harvested in ice-cold PBS and fixed 10 min in 1% PFA. Fixation was stopped and washed as described in ref. 55 in the presence of 1ϫ Complete proteinase inhibitors (Roche). After final wash, buffer was removed, and gonads were stored at Ϫ70°C until all were collected. Gonads were pooled, and ChIP was performed essentially as described in EZ ChIP kit (Upstate). Chromatin was sonicated for 7.5 min by using a Biorupter (Diagenode). ChIP DNA was amplified using LM-PCR (56) modified to use DNATerminator (Lucigen Corp). qPCR was performed on immunoprecipitated DNA using gene specific primers (Table S3) . All ChIP qPCR reactions performed in the presence of 0.5 M Betain.
